Glutamate synthase was originally discovered in bacteria (16) , but has since been shown to be present in algae (9) , and a variety of higher plant tissues (12) . A recent review article (12) has discussed evidence which suggests that the main pathway for ammonia utilization and glutamate formation in higher plant tissues is via the combined action of glutamine synthetase and glutamate synthase. Such discussions have been based on considerations of the relative K,. values for ammonia exhibited by glutamine synthetase and glutamate dehydrogenase; the response of plants to inhibitors of glutamine metabolism, and the results of pulse-chase experiments.
The experiments described here were designed to illustrate the relative importance of the three enzymes: glutamate synthase, glutamine synthetase, and glutamate dehydrogenase, in the synthesis of glutamate in soybean cells grown in suspension culture.
Experiments were designed to detect any variations occurring in the relative specific activity levels of these three enzymes, when concentrations of nitrogenous constituents of the growth medium were altered. Some properties of a partially purified preparation of glutamate synthase were studied, and a method found for purifying this enzyme to homogeneity using affinity chromatography. 
MATERIALS AND METHODS

CHEMICALS
THIN LAYER CHROMATOGRAPHY
Mixed cellulose and silica gel thin layers were prepared using a mixture of 7.2 g of MN-Silica Gel G (Canadian Laboratory Supplies, Winnipeg, Manitoba), and 18 g of Sigma Cell type 38 microcrystalline cellulose (Sigma Chemical Co.) homogenized in 144 ml of distilled H20. This mixture was spread 0.25 mm thick over glass plates (20 x 20 cm), which were then oven-dried at 80 C for approximately 24 hr. Solvent systems used for the separation of amino acids were: phenol-water (80:20, v/v), 1-butanol-acetic acid-water (80:20:20, v/v/v), and methanol-pyridine-water (20:1: 5, v/v/v). Amino acids on thin layer plates were detected by spraying with 0.03% (w/v) ninhydrin in 3% acetic acid in 1- butanol (v/v). After spraying, the plates were dried in an oven at 115 C.
Mixtures of organic acids were separated using a solvent system prepared from ether-formic acid-water (7:2:1, v/v/v). After drying thoroughly enough to remove all traces of formic acid, organic acid spots were detected using a spray reagent prepared from 0.04% (w/v) bromocresol green in ethyl alcohol, with the addition of 0.1 N NaOH until a blue color was just produced. After spraying lightly with this reagent, plates were developed by holding over a dish of dilute ammonia. a solution of 1.25 g of Coomassie brilliant blue G-250 dye dissolved in 227 ml methyl alcohol, to which was added 46 ml acetic acid, and water to 500 ml. Staining was carried out for I hr and gels were then rinsed and destained using 7.5% acetic acid in 5% methyl alcohol (v/v).
PLANT CELL CULTURES AND THEIR MAINTENANCE Suspension cultures of soybean (Glycine max L. var. Mandarin) were grown routinely in B5 medium as described previously (6, 7) . Cells were also maintained as callus cultures on B5 medium solidified with 0.65% agar. Dry weights were determined as previously described (15) . COMPOSITION KCI was added to these cultures to maintain the initial K level of the medium at 25 mm. With each sample, from each of the above groups, determinations were made of dry weight and wet weight. In addition, the specific activities of the enzymes glutamate synthase, glutamine synthetase, and glutamate dehydrogenase were determined upon crude cell extracts, whose preparation is described in the next section.
ENZYME EXTRACTION AND PURIFICATION
Preparation of Crude Extracts. The buffers used throughout this section were as follows. Extraction buffer consisted of 200 mM Tricine, 2 mM EDTA, 0.1% (v/v) mercaptoethanol (pH 7.5). Equilibration buffer consisted of 25 mm Tricine, I mM EDTA, 0.1% (v/v) mercaptoethanol (pH 7.5). The amounts and quantities of cells and buffer hereafter described were those used for the preparation of quantities of crude extract suitable for the purification of glutamate synthase.
Cells were collected by suction filtration through Miracloth (Calbiochem) and then washed with B5 medium containing 0.1% (v/v) After incubation for 15 min at 30 C, the y-glutamyl hydroxamate formed was determined by adding 1.0 ml of a ferric chloride reagent, prepared from equal volumes of 10% FeCl3-6 H20 in 0.2 N HC1, 24% trichloroacetic acid, and 50% HC1.
GLUTAMATE DEHYDROGENASE
Glutamate dehydrogenase activity was measured according to the method of Dougall (5).
DEFINITION OF ENZYME UNIT
One unit of enzyme activity is that amount of enzyme that will catalyze the transformation of I ,umol of substrate/min at 30 C.
RESULTS
GROWTH CHARACTERISTICS OF CELLS IN DIFFERENT MEDIA
The optimal yield in terms of dry weight, packed cell volume, or wet weight of cells grown in standard B5 medium was found after 96 hr of growth. The levels of specific activity of glutamine synthetase, glutamate synthase, or glutamate dehydrogenase in the cell cultures were determined at various stages of growth ( Fig.  1) . Levels of glutamate dehydrogenase stay low and more or less constant, while the specific activities of glutamate dehydrogenase and glutamine synthetase rise to very high values by 96 hr of growth.
The growth pattern of cells on B5 medium that had been modified in various ways was also studied. The medium was modified by either altering the level of nitrate present while keeping ammonium ion levels constant, or altering the concentration of ammonium ion while keeping nitrate constant, or including various concentrations of L-glutamine in the medium in place of ammonium, but keeping the nitrate levels constant. When ammonium sulfate levels were varied, between 0.2 and 100 mm ( Fig.  2 ) then an optimum growth rate was seen at a I -mm concentration of ammonium sulfate, equivalent to a 2-mM concentration of ammonium ion. When glutamine levels were varied over the same range ( Fig. 2) , an optimum growth rate was seen with 4 mm glutamine. The use of ammonium as a source of reduced nitrogen gave a much better yield of cells than the use of glutamine. This result is in agreement with those of Gamborg et al. (6, 7) . The results of varying the concentration of nitrate contained in the medium between 2 mm and 100 iLM (Fig. 2) show that an optimal growth rate was obtained with a 25-mM concentration of nitrate in the growth medium, which is also in agreement with the results of Gamborg et al. (6, 7) .
The levels of specific activity of glutamate synthase, glutamine synthetase, and glutamate dehydrogenase obtained from cells grown under the differing regimes of nitrate, and ammonium or glutamine described above, are displayed in units) was mixed with I ml of a 5 mm solution of L-glutamate, and then applied to the column, all operations taking place at 4 C. The column was now washed with equilibration buffer until the A at 280 nm of the column effluent approached that of the buffer. The enzyme was released from the column by applying 20 ml of equilibration buffer that was 50 mM in L-glutamine and 50 mM in a-ketoglutarate, also 0.2 M in NaCl (termed pulse salt mixture). This was followed by 200 ml of equilibration buffer to elute the released enzyme from the column. The peak fractions were either singled out, or pooled together to make distinct samples according to their A at 280 nm ( Fig. 6 and Table I ). Before assay these samples were passed through Sephadex G-50. Using this method, fractions which had significant glutamate synthase activity were found to give one band on polyacrylamide gel electrophoresis, and to be purified by 430-fold compared with crude enzymes extracts.
PROPERTIES OF PARTIALLY PURIFIED AND PURIFIED ENZYME
Substrate Specificity for Amino Group Donor. The partially purified enzyme displayed maximal activity with glutamine as an amino group donor. Although almost as much activity was seen with commercial asparagine as with glutamine, when this asparagine was purified to remove aspartate, only about 2% of the original activity was retained. When glutamate synthase that had been purified by affinity chromatography was incubated with purified asparagine, no activity whatsoever was seen. Thus, it appears that asparagine cannot act as an amino group donor in the glutamate synthase-catalyzed reaction.
Substrate Specificity for the Coenzyme Involved in Reduction. Three compounds were tried as reducing coenzymes: NADH, NADPH, and reduced ferredoxin. Both NADH and NADPH could be utilized as reducing agents; highest enzyme activities were always seen with NADH rather than NADPH. The inability of ferredoxin to act as a reducing agent was determined by subjecting reaction mixtures containing this compound to TLC; examination of the chromatograms showed that no glutamate was produced.
Substrate Specificity for the Amino Group Acceptor. Both aketoglutarate and oxaloacetate were examined as possible amino group acceptors. In both the spectrophotometric assay and in the production of glutamate seen on thin layer chromatograms, aketoglutarate showed good activity as an amino group acceptor. Oxaloacetate showed no activity at all as an amino group acceptor, when used in conjunction with NADH. When NADPH was the coenzyme, very large amounts of enzyme activity appeared to be present when activity was measured spectrophotometrically. Such reaction mixtures did not show any formation of glutamate when they were examined chromatographically. When oxaloacetate was incubated with partially purified enzyme in the absence of any amino group donor, a rapid oxidation of NADPH (but not NADH) still occurred. The most probable explanation of this reaction is the presence of an NADP(H)-dependent malate dehydrogenase in the partially purified extracts, since glutamate formation could not be detected chromatographically.
Optimal Substrate Levels and Michaelis Constants of Partially Purified Enzyme. The concentrations of glutamine, a-ketoglutarate, and reduced pyridine nucleotide that produce optimal enzyme activity were determined by keeping the concentration of two of these constant, while varying that of the third. The optimal concentrations determined in this manner were: NAD and NADPH, 0.3 mM; a-ketoglutarate, I mM; and glutamine, 10 mM.
The Michaelis constant for each substrate was determined using the method of Lineweaver and Burk, and using optimal rather than saturating levels of two substrates, while varying the level of the third substrate. This procedure was chosen since marked substrate inhibition was seen at levels above optimum with either of the pyridine nucleotides, and with a-ketoglutarate. The Km values obtained are shown in Table II .
Reaction Stoichiometry. When reaction mixtures containing purified enzyme, optimal amounts of a-ketoglutarate, glutamine, and NADH were examined using the amino acid analyzer, it was found that I molecule of glutamate and I molecule of a-ketoglutarate yielded exactly 2 molecules of glutamic acid.
pH Studies. The effect of pH on reaction velocity was determined using samples of equilibration buffer prepared to cover a pH range from 3 to 11. Cofactors and substrates were dissolved in the buffer of appropriate pH at each stage. Aliquots of partially purified enzyme were added to initiate the reaction, and after allowing the reaction to proceed for 3 min, the pH was immediately measured using a Fisher expanded scale pH meter and microprobe electrode (Fisher Scientific Co., Edmonton, Alberta). The results obtained with NADH and NADPH are recorded in Figure 7 .
Enzyme Inhibition Studies. Aliquots of partially purified enzyme containing 17.7 x 10-:' to 74.2 x 10-units of enzyme activity were incubated with 0.15 ml of inhibitor at 30 C for 15 min. Aliquots of 0.5 ml (0.4 ml enzyme + 0.1 ml inhibitor) were taken and added to the reaction mixture sitting in the cuvette chamber at 30 C, and reaction velocity then recorded (Table III) . Table II .
Km values for a-ketoglutarate, L-glutamine and NADH or NADPH, obtained with partially purified glutamate syn thase.
Levels of individual substrates were varied singly, while keeping the levels of the remaining two substrates constant and optimal. nitrogen in place of ammonia. Levels of glutamine synthetase appeared to fluctuate in such a way that they would ensure an optimal level of glutamine in the cells, and subsequently an optimal synthesis of glutamate. As glutamine levels in the medium rose toward 4 mm (where optimal growth of cells is obtained), the level of glutamine synthetase dropped, suggesting repression of glutamine synthetase synthesis by these concentrations of glutamine (Fig. 6) . The specific activity of glutamate synthase, however, reached a level that was essentially maximal at 4 mm glutamine. It appears that both enzymes respond in a characteristic manner to the increase in glutamine concentration of the medium from 0.2 to 4 mm. While glutamine synthetase appears to be repressed, glutamate synthase by contrast does not appear to be repressed. It is important to note the relative specific activity levels of glutamine synthetase and glutamate synthase, and to see that at all times glutamine synthetase levels are approximately 1,000 times greater than those of glutamate synthase. Provided the cells are supplied with sufficient nitrogen, then glutamine should never become ratelimiting for the glutamate synthase-catalyzed reaction.
The results discussed above also offer at least a partial explanation of the well known fact (1, 6, 7, 13, 14) that soybean cells require an optimal (2 mM) concentration of ammonium ion for proper growth. Since both glutamate synthase and glutamine synthetase levels display quite sharp and discrete optima at this concentration of ammonium ion (Fig. 3) , such a growth response could be expected.
Kinetic studies carried out on partially purified glutamate synthase indicated that the Km values for all of the substrates are quite small (Table II) , and similar in magnitude to those obtained by other authors using enzyme preparations from plant tissues (3, 12) . The lowest Km value in this table is that for NADH which is 9.0 x 106 M, together with the higher enzymic activities seen with NADH and the higher Km value for NADPH (5.7 x 10-5 M); this strongly suggests that NADH rather than NADPH is the physiologically active pyridine nucleotide for glutamate synthase from soybean cells. This result is similar to those obtained by other workers studying glutamate synthase from plant sources (2, 11). The pH activity curves (Fig. 7 ) also appear to indicate that NADH-dependent activity is expressed over a wider pH range than is NADPH-dependent activity. The soybean tissue culture cell enzyme differs from the pea root enzyme investigated by Miflin and Lea (11) in its complete inability to use ferredoxin. The exact significance of the use of ferredoxin by an enzyme from roots is not clear. Miflin and Lea (11) pointed out that the involvement of coupled diaphorase systems in their assays could not be ruled out.
Substrate specificity studies carried out with homogeneous enzyme preparations have shown that a-ketoglutarate and glutamine are the only amino group acceptor and donor molecules, respectively, utilized by the enzyme from soybean cell cultures. The results obtained by incubating partially purified soybean glutamate synthase with a variety of glutamine analogs (Table III) are consistent with this enzyme being able to utilize the amide group of glutamine as a source of an amino group for the formation of glutamate. Table III shows that almost complete inhibition of enzyme activity is obtained by incubation with DON and azaserine, while a significant degree of inhibition (23%) is seen with methionine sulfoximine. The apparent activity obtained with impure asparagine was not affected by the same concentration of DON that gave 95% inhibition of the glutamine-dependent reaction.
Affmity chromatography using blue Sepharose appears to offer a method of obtaining a significant purification of relatively crude glutamate synthase preparations. Since only one band staining with Coomassie blue was obtained on electrophoresis of the purified enzyme in polyacrylamide gel, it is probable that the preparation was in fact completely homogeneous. In this case, affmity chromatography offers a simpler method for the production of a homogeneous enzyme preparation than others previously published (3).
